INTRODUCTION
============

Sensory neurons grow cilia of varying morphology and function from the tips of their respective dendrites. Many of these cilia consist of a doublet microtubule (MT)-bearing proximal/middle segment and a distal/outer part containing combinations of singlet MTs (Reese, [@B54]; Shanbhag *et al.*, [@B58]), actin filaments (Arikawa and Williams, [@B2]; Chaitin, [@B9]), and membranous folds (Ward *et al.*, [@B64]) (reviewed in Silverman and Leroux, [@B59]). The tube-like middle segment often contains a 9+0 axoneme as found in the primary cilia. The outer parts are highly divergent in morphology and composition and display the sensory receptors. Sensory cilia evolved from an essential cellular appendage called primary cilium (Davenport and Yoder, [@B15]). The latter is involved in sensing the chemical (Singla and Reiter, [@B60]) and mechanical stimuli (Praetorius and Spring, [@B52]; Jaffe, [@B30]), signal integration during development (Corbit *et al.*, [@B13]; Chizhikov *et al.*, [@B10]; Goetz and Anderson, [@B24]) and in many other functions (Hirokawa *et al.*, [@B27]). Dysfunctional cilia cause physical disorders, such as polycystic kidney disease (Yoder *et al.*, [@B67]; Davenport *et al.*, [@B14]), Bardet-Biedle syndrome (BBS) (Loktev *et al.*, [@B38]; Shah *et al.*, [@B57]), and cancer (Wong *et al.*, [@B65]). Therefore, understanding mechanisms underlying the cilia assembly and diversification has significant implications.

Anterograde intraflagellar transport (IFT) (Kozminski *et al.*, [@B32]) powered by the heterotrimeric motors of the kinesin-2 family (Cole *et al.*, [@B12]) assembles as well as maintains the flagella and primary cilia (Scholey, [@B56]; Pedersen *et al.*, [@B50]). Kinesin-II subunits are also involved in maintaining the chordotonal cilia--bearing 9+0 axoneme on Johnston's organ neurons in *Drosophila* (Sarpal *et al.*, [@B55]). Meticulous analysis in *Caenorhabditis elegans*, however, revealed that kinesin-II plays a redundant role in the maintenance of the bipartite channel cilia on ASH/ASI neurons (Snow et al., [@B61]). The anterograde IFT in the ASH/ASI cilia is jointly propelled by heterotrimeric Cekinesin-II and homodimeric (Osm-3) motors in the middle segment, and it is supported by the Osm-3 alone in the distal segments (Snow *et al.*, [@B61]). The switch is coordinated by the BBS7/8 complex and Dyf-1 (Ou *et al.*, [@B47]; Pan *et al.*, [@B49]). This evidence helped to introduce the concepts of "canonical" and "accessory" IFT motors being used to generate the additional cilia diversity (Evans *et al.*, [@B22]), and defined operations of a complex motor function-coordination system (Pan *et al.*, [@B49]). A comparable motor function organization was reported in the vertebrate photoreceptor cells where kinesin-family protein 17 (KIF17), an Osm-3 orthologue, is shown to play a key role in the rod outer segment assembly (Insinna *et al.*, [@B29]). In contrast, KIF17 was found to play a minor role in the primary cilia where it is engaged in transporting sensory receptors (Jenkins *et al.*, [@B31]). Studies in *C. elegans* further revealed that the functioning and plasticity of the distal segments of the odor-receptive cilia on AWB and the AWC neurons depends on kinesin-II alone (Evans *et al.*, [@B22]; Mukhopadhyay *et al.*, [@B43]). Furthermore, kinesin-II was reported to be the motor responsible for membrane delivery to the outer segment of cone photoreceptors in mice (Avasthi *et al.*, [@B3]). Although these results established that separate kinesin-II--mediated transports are associated with the cilia diversification, several critical issues concerning the cilia assembly and initiation of the process remained unanswered.

The olfactory receptor neurons (ORNs) in *Drosophila* antennae express three morphologically distinct cilia displaying different sets of olfactory receptors (ORs) (van der Goes van Naters and Carlson, [@B62]). These morphologically distinct cilia offer an excellent model for a comparative study of the basic cilia assembly and diversification mechanisms. Here, we present the results of a systematic investigation of the growth patterns of two morphologically distinct olfactory cilia and the role of heterotrimeric kinesin-II in the process. Our results suggest that different stepwise transport strategies are used to develop morphologically distinct cilia. In addition, heterotrimeric kinesin-II--dependent tubulin entry plays a crucial role in the ciliary axoneme assembly and growth at each stage.

RESULTS
=======

Adult *Drosophila* antenna contains three morphologically distinct *sensilla*, each innervated with two to four ORNs (Shanbhag *et al.*, [@B58]). Each ORN type extends a morphologically distinct bipartite cilium from the basal bodies at the distal end of the dendritic inner segment (IS) into the hollow cuticular shaft. The outer segments (OSs) of the cilia found on ORNs innervating *sensilla basiconica*, for instance, have several branches each containing up to three singlet MT filaments ([Figure 1](#F1){ref-type="fig"}, A--C). The OS grows from a ∼1-μm-long connecting cilium (CC) in the middle ([Figure 1D](#F1){ref-type="fig"}), which contains 9+0 axoneme ([Figure 1E](#)). The MT organization in the cilia extended from the ORNs innervating *sensilla trichodea* ([Figure 1F](#F1){ref-type="fig"}), however, resembles the ASH/ASI cilia of *C. elegans* (Evans *et al.*, [@B22]). It contains a long slender OS-bearing multiple singlet MTs, which grows from a compact CC (\>0.5 μm) consisting of a 9+0 axoneme ([Figure 1](#F1){ref-type="fig"}, G--I). The *s. coeloconica*, in contrast, are typically innervated with two ORNs expressing relatively shorter cilia bearing multiple singlet MTs (Shanbhag *et al.*, [@B58]). ORs expressed in an ORN determine its odor specificity (Dobritsa *et al.*, [@B19]), and all ORs are transported into the OS in an OR83b-dependent manner (Larsson *et al.*, [@B33]; Benton *et al.*, [@B6]), which is essential for odor receptions. Little is known about the cilia growth and the mechanism determining its structural diversification.

![Anatomy of olfactory cilium expressed on the neurons innervating *s. basiconica* and *s. trichodea*. (A) Schematic illustrates the cellular organization of an *s. basiconicum*. L, receptor lymph. (B--E) Transmission electron micrographs (TEMs) of sections through *s. basiconica* with scale bars as indicated on each figure. (B) A cross-section view through the middle of a sensillum shaft. Arrows indicate the branches containing singlet MT, and dashed lines indicate the membranous lamellae devoid of MT. (C) An oblique section of the sensillum shaft shows tightly packed OS branches (arrows) and structures of the small cuticular pores (arrowheads). (D) A longitudinal section through the olfactory cilia of two ORNs shows the distal basal bodies (arrows), the axonemes (arrowheads), and the sheath cell junctions (asterisk). (E) A cross section through the cilia base shows radial arrangement of nine doublet MTs (marked with numerals 1--9) with some electron-dense material (arrow) at the central region in each CC. The sheath cell extensions encapsulate the cilia at their base as depicted in this figure. (F) Schematic illustrates the cellular organization of a *s. trichodium*. (G--I) TEMs of sections through *s. trichodea* with scale bars as indicated on each figure. (G) A cross-section view through the middle of a sensillum shaft. Arrows mark two distinct OSs, and dashed lines indicate the membranous lamellae devoid of MT. (H) A longitudinal section through an olfactory cilium shows the distal basal body (arrow) and the axoneme (arrowhead). (I) A cross section through the cilia base shows radial arrangement of nine doublet MTs (marked with numerals 1--9). The pictures presented in the figure are for reference. The MTs in the OSs of ORNs are better preserved when the antennae are fixed by the high-pressure freeze substitution method as shown earlier by Shanbhag et al. ([@B58]).](769fig1){#F1}

Olfactory cilia grow in discrete steps during the pupal stages
--------------------------------------------------------------

Therefore, we studied cilia growth from ORNs innervating specific *s. basiconica* and *s. trichodea*, whose positions are reliably distinguishable on the developing antenna. The ORNs innervating *s. basiconica* of anatomical type LB-II1/2 (Shanbhag *et al.*, [@B58]), and the functional type ab2/3 (Clyne *et al.*, [@B11]; de Bruyne *et al.*, [@B16]), and the T3 type *s. trichodea* (Shanbhag *et al.*, [@B58]) were selected for this purpose. The reporter gene expressions in the enhanced green fluorescent protein (*UAS-eGFP*) *Gal4^SG18.1^* ([Figure 2](#F2){ref-type="fig"}, A and B), as well as in the *UAS-eGFP Gal4^cha19b^* (Supplemental Figure 1) stocks marked the ORNs in the developing antenna from 30 to 100 h after pupa formation (APF). Image analysis of the growing ORNs revealed that the cilia on the ORNs, innervating both *s. basiconica* and *s. trichodea* (hereafter termed basiconic and trichoid cilia, respectively), start growing between 30 and 36 h APF and they are fully extended by 100 h APF ([Figure 2](#F2){ref-type="fig"}, A and B). At 72 h APF, the eGFP marking was less pronounced in the proximal portion of the basiconic cilia (highlighted by paired dotted lines, [Figure 2A-d](#F2){ref-type="fig"}) as compared with the distal parts (arrowheads, [Figure 2A-d](#F2){ref-type="fig"}). The brightness and width of the distal parts continued to grow in subsequent stages (arrowhead, [Figure 2A-e](#F2){ref-type="fig"}). Thus, the proximal portion came to resemble the CC, and the distal portion the OS from this stage. The trichoid cilia, however, extended up to 90% of the final length by 72 h APF (arrowhead, [Figure 2B-d](#F2){ref-type="fig"}) and mostly increase in width after that. Image quantification also revealed that the volume and length of the developing basiconic cilia progressively increased between 36 and 72 h and between 84 and 96 h ([Figure 2C-a](#F2){ref-type="fig"}) interspersed by a short (6 h) stationary phase, whereas both occur in a single phase between 36 and 90 h for the trichoid cilia ([Figure 2C-b](#F2){ref-type="fig"}). Together, the cilia length and volume analyses showed that morphologically distinct olfactory cilia grow in different patterns. It is to be noted that the OR gene expression in the neurons starts at 90 h APF and that fly antenna starts responding to odors a few hours after eclosion (Larsson *et al.*, [@B33]). Therefore, our observation would suggest that morphology of olfactory cilia is determined independent of sensory inputs.

![Analysis of the olfactory cilia growth in the pupal antennae. (A and B) Stages of olfactory cilia growth on ORNs innervating *s. basiconica* (A) and *s. trichodea* (B) in the developing antennae. *UAS-eGFP* expression in the ORNs due to *Gal4^SG18.1^* marked the ORNs and all its extensions including the cilia from an early stage of development. Arrows indicate the cilia base at the IS apex, paired dotted lines indicate the CC region, and the arrowhead indicates the OS in each panel. Scale bar = 10 μm for all panels. (C) Histograms depict the growth of the cilia volume and lengths inside *s. basiconica* (a) and *s. trichodea* (b) shafts in developing wild-type antennae. Error bars indicate ± standard deviation, and the sample size (N values) is indicated on top of each bar.](769fig2){#F2}

The 10- to 15-μm-long *Chlamydomonas* flagella were reported to regenerate in 2 h at 0.2--0.4 μm/min (Lefebvre *et al.*, [@B34]; Lefebvre and Rosenbaum, [@B35]). Although the growth profile of trichoid cilia matched well with that of the flagella regeneration profiles observed earlier (Lefebvre and Rosenbaum, [@B35]), it occurs at a rate that is far too slow. An intermediate rate of cilia growth (0.035--0.065 μm/min) was measured in sea urchin embryos (Burns, [@B8]). Both the motile cilia and flagella, however, contain 9+2 doublet MT-bearing axoneme, which is significantly different from the bipartite axoneme organization in the olfactory cilia. These morphological differences could account for the observed slow growth of the olfactory cilia. The biphasic growth observed for the basiconic cilia is, however, a novel observation. This type of growth may require the induction of a second phase of transport into the cilia for growing the singlet branches. *Chlamydomonas* also extends singlet MT-bearing projections from the flagellar tip for a brief period during mating, which is involved in pheromone sensing and flagella adhesion (Mesland *et al.*, [@B40]). Both heterotrimeric kinesin-II (Pan and Snell, [@B48]), as well as IFT (Wang *et al.*, [@B63]), are implicated in this process.

Loss of kinesin-II function in ORNs affects olfactory reception at the adult antenna
------------------------------------------------------------------------------------

Kinesin-II motor subunit homologues kinesin-like protein 64D (KLP64D) and kinesin-like protein 68D (KLP68D) form a heterotrimeric complex with *Drosophila melanogaster* kinesin--associated protein (DmKAP) in *Drosophila* (Doodhi *et al.*, [@B21]). Loss of function mutations in the *Klp64D* and the *DmKap* was shown to affect the sound-evoked electrical responses and eliminate the 9+0 axoneme-bearing sensory cilia of chordotonal neurons (Sarpal *et al.*, [@B55]). The role of KLP68D in the process is yet to be tested. Hence, to identify their roles in olfactory cilia assembly and maintenance, we screened individual kinesin-II subunit mutants for olfaction defects using the odor-evoked electroantennogram (EAG) assay (Alcorta, [@B1]), because any defect in cilia growth and maintenance would affect the odor reception.

We found that the EAG responses were significantly reduced from the homozygous *Klp64D^k5/k5^* and several other transallelic mutant (*Klp64D^k1/k5^*, *Klp64D^l4/k5^*, and *Klp64D^l4/k1^*) combinations ([Figure 3B](#F3){ref-type="fig"}). The phenotypes were recessive and rescued by the ectopic expressions of two different recombinant *KLP64D* transgenes in the mutant backgrounds ([Figure 3B](#F3){ref-type="fig"}). The genetic complementation and rescue experiments established that the EAG defects map to the *Klp64D* locus. The rescue due to the expressions of *UAS-KLP64D:GFP* by *Gal4^SG18.1^* or *Gal4^chat19b^* ([Figure 3B](#F3){ref-type="fig"}) further suggested that the *Klp64D* gene function is required in the ORNs. Similar reductions in the EAG responses were caused by two different P-element insertions in the *Klp68D* upstream, which is rescued by the *UAS-KLP68D:*yellow fluorescent protein (*YFP*) expression in the background ([Figure 3C](#F3){ref-type="fig"}). The transgenic rescue experiment implicated KLP68D in the odor reception process. Finally, mutations in *DmKap* are found to eliminate the EAG responses, and they were restored due to the presence of the genomic transgene as well as *Gal4^SG18.1^*-mediated *UAS-DmKap* expression in the mutant background ([Figure 3D](#F3){ref-type="fig"}). Both the *DmKap* alleles (*v5* and *v6*) were documented as genetic null earlier (Sarpal *et al.*, [@B55]), which is further confirmed by the EAG measurements. In comparison, the *Klp64D* and *Klp68D* alleles used for the screen appeared to be hypomorphic. Together, the EAG analysis implicated all three kinesin-II subunits in the maintenance of odor reception by ORNs.

![Odor-evoked potential changes in the wild type and kinesin-II mutant antennae. (A) Typical odor-evoked potential response measured from the wild-type adult antenna. The maximum potential difference (arrow) from the base line (set at 0) is measured as the EAG response to an odor pulse. (B) Histograms indicate EAG responses measured from the third antennal segments of wild-type controls, different *Klp64D* alleles, and transgenic rescue stocks in response to ethyl acetate (EA, solid filled bars), n-butanol (open bars), benzaldehyde (gray filled bars), and propionic acid (PA, light gray bars). Error bars indicate ± standard deviation, and the corresponding sample sizes (N values) are indicated on the right margin. (C and D) Similar EAG measurements were made in the homozygous *Klp68D* mutants and transgenic rescue stocks (C) as well as from the antennae of the *DmKap* homozygous mutant adults (D). Although the latter does not respond to any odor, the defect is fully restored by transgenic *DmKap* expression in the olfactory neurons (D). The pair-wise significance of the difference between the appropriate pair of wild-type and mutant data is tested by Student's *t* test, and highly significant differences (p \< 0.001) are depicted by \*\*\* on the bars.](769fig3){#F3}

Kinesin-II subunits are essential for maintaining the basiconic and trichoid cilia
----------------------------------------------------------------------------------

Therefore, to understand the cellular basis of the EAG defects observed in the kinesin-II mutants, we studied the anatomy of the basiconic and trichoid cilia in the wild-type and mutant antennae obtained from pharate adults (100 h APF). The *UAS-eGFP* expression due to *Gal4^SG18.1^* revealed that the ISs are extended from almost all ORNs in the *Klp64D, Klp68D*, and *DmKap* mutant antennae (arrows, [Figure 4A](#F4){ref-type="fig"}). Nearly 90% of the ORNs in the *Klp64D^k1^* antenna, however, expressed visibly thin cilia (arrowhead, [Figure 4A](#F4){ref-type="fig"}; [Table 1](#T1){ref-type="table"}), and the others did not have any cilia (open arrowhead, [Figure 4](#F4){ref-type="fig"}). These morphological defects were fully rescued by ectopic expression of the recombinant *Klp64D* transgene in the ORNs (arrowhead, [Figure 4A](#F4){ref-type="fig"}). Almost 98% of ORNs in *Klp68D^KG03849^* homozygous antennae expressed cilia ([Figure 4](#F4){ref-type="fig"}, A-d and I; [Table 1](#T1){ref-type="table"}). Many of these cilia were comparatively brighter and healthier than the ones observed in the *Klp64D* mutants. The average volume of individual cilia was reduced to below 50% of wild-type values in the *Klp64D^k1^* and to almost 65% of wild-type in the *Klp68D^KG03849^* homozygous backgrounds ([Figure 4B](#)). The variations, however, were large in the *Klp68D* background, which suggests that mutation in *Klp68D* has incomplete penetrance. In contrast, cilia were absent on nearly 80% of the ORNs in the *DmKap^v6^* homozygous antennae ([Table 1](#T1){ref-type="table"}). The cilia defects were most severe in the *DmKap^v6^* background, which is known to be a null allele, and qualitatively more severe in *Klp64D^k1^* than in the *Klp68D^KG30849^* homozygous antennae. In addition, we found that the gustatory cilia inside labellar hairs were eliminated in *DmKap^v6^* mutants (Supplemental Figure 3), and an earlier study reported the total loss of chordotonal cilia on neurons innervating the Johnston's organ in the second antennal segment (Sarpal *et al.*, [@B55]).

![Anatomy of the olfactory cilia in the homozygous *Klp64D*, *Klp68D*, and *DmKap* mutant antennae. (A) *UAS-eGFP* expression in the ORNs due to *Gal4^SG18.1^* marked the entire cell including the cilia inside *s. basiconica* (a--e) and *s. trichodea* (f--j) shafts in the wild type (a and f), homozygous *Klp64D^k1^* (b and g), *UAS-KLP64D*; *Klp64D^k1/k1^* (c and h), *Klp68D^KG^* (d and i), and *DmKap^v6^* antennae. Arrow indicates the cilia base in IS, and the arrowheads indicate the cilia OS; open arrowheads indicate empty shaft. Scale bar = 10 μm for all figures. (B) Histograms indicate the average cilia volumes in wild-type, *Klp64D^k1^*, and *Klp68D^KG03849^* homozygous mutant antennae. The error bars indicate ± standard deviation, and highly significant differences (\*\*\*; p \< 0.001) are depicted on the bars. (C) TEM images of sections through the sensory shafts of *s. basiconica* form homozygous *Klp64D^k5^* (a and b) and *Klp64D^k5/l4^* (c and d) antennae. Arrows indicate the OS branches containing singlet MTs in (a) and multiple MTs in (c). Oblique sections through the basiconic cilia in *Klp64D^k5^* (b) and *Klp64D^k5/l4^* (d) antennae showed the presence of basal bodies (arrows) and CC (arrowheads). (D) Magnified views of different types of branch morphologies found in *s. basiconica* shafts from wild-type and mutant antennae used as benchmarks for the quantification: (a) branches containing singlet MT, (b) a branch containing multiple MTs, and (c) a lamella. (E) Histograms depict the distribution of different types of branches found in the OS of wild type and mutant basiconic shafts. Error bars represent ± standard deviation, and N ≥ 8, for all sets. (F) TEM images of the sections of *s. basiconica* from homozygous *DmKap^v6^* adult antenna: (a) the cross-section view of a shaft and (b) the longitudinal section of an entire sensillum show the absence of cilia in the shaft. Scale bars indicate 50 nm for all images (D) and 500 nm for all images (C and F).](769fig4){#F4}

###### 

Relative abundance of cilia inside *s. basiconica* and *s. trichodea* shafts in wild-type and kinesin-II subunit mutant antennae.

                       Wild-type       *Klp64D^k1^*   *Klp64D^l4/k1^*   *Klp68D^KG03849^*   *DmKap^v6^*
  -------------------- --------------- -------------- ----------------- ------------------- --------------
  \% Basiconic cilia   100 (116/116)   95.6 (44/46)   98.3 (60/61)      98.5 (65/66)        8 (8/101)
  \% Tricoidic cilia   100 (85/85)     88 (30/34)     88.9 (40/45)      96.1 (49/51)        16.4 (10/57)

TEM electron micrograph study of the 1-d-old *Klp64D* mutant adults showed that often the electron-dense basal bodies and the CC are present at the dendrite tips of the ORNs ([Figure 4C](#F4){ref-type="fig"}), but the number of OS branches of the basiconic cilia was either reduced or fused ([Figure 4C](#F4){ref-type="fig"}). The phenotype manifested in a qualitatively different manner in the homozygous *Klp64D^k5^* ([Figure 4C-a](#F4){ref-type="fig"}) as compared with the *Klp64D^l4/k5^* ([Figure 4C-b](#F4){ref-type="fig"}) backgrounds. The OS of basiconic cilia are less branched in the *Klp64D^k5^* homozygous antennae as compared to the wild-type (Figure 4D), whereas the OS in the *Klp64D^l4/k5^* antennae usually contained a slender extension with several singlet MTs ([Figure 4E](#F4){ref-type="fig"}). These suggested that *Klp64D* gene function is essential for OS branching and MT organization in these branches. The diversity of the anatomical phenotypes in different *Klp64D* alleles also indicates that the gene function is involved in different ciliary processes. Several attempts to obtain a properly fixed *Klp64D^k1^* homozygous antenna failed as we mostly found degenerated tissue inside. In contrast, entire cilia, including the junctions between the IS and the sheath cells, were absent in the *DmKap^v6^* antennae ([Figure 4F](#F4){ref-type="fig"}). A similar study using the available *Klp68D^KG03849^* remained inconclusive due to incomplete and variable penetrance of the cilia phenotype within a single antenna. The anatomical defects observed are consistent with the corresponding decrease in EAG responses. For instance, a lower number of branches, as seen in the *Klp64D* mutant antennae, is expected to reduce the overall surface area and the net electrical impedance of the OS, thus lowering the overall potential change on odor stimulation as depicted in the EAG records from *Klp64D* and *Klp68D* mutants. Similarly, a total loss of cilia in the *DmKap* mutants was found to eliminate the EAG response. Together with the optical microscopy data, these results indicated that the heterotrimeric kinesin-II consisting of DmKAP, KLP64D, and KLP68D plays prominent roles in the olfactory cilia formation or maintenance.

The heterotrimeric kinesin-II subunits are shown to move independently of Osm-3 into the distal segments of the AWB (Mukhopadhyay *et al.*, [@B43]) and the AWC cilia (Evans *et al.*, [@B22]) in *C. elegans.* It was also reported that Osm-3 and kinesin-II are redundant for cilia length extensions, but functioning of the mature AWC cilia depends on kinesin-II (Evans *et al.*, [@B22]). The data presented here suggest that the kinesin-II subunits are involved in the OS assembly in olfactory cilia like Osm-3 in the distal segments of ASH/ASI cilia in *C. elegans* (Snow *et al.*, [@B61]) and KIF17 in the OSs of rod photoreceptors (Insinna *et al.*, [@B29]).

Mutations in Klp64D and DmKap affect the initiation of olfactory cilia assembly
-------------------------------------------------------------------------------

To assess the roles of kinesin-II subunits during the olfactory cilia assembly, we studied the ciliary growth in *Klp64D^k1^* and *DmKap^v6^* homozygous antennae. Growth showed that, although the cilia length extension was marginally reduced until 72 h APF ([Figure 5](#F5){ref-type="fig"}, A and B), the length and volume expansions of both the basiconic and trichoid cilia at the second stage were significantly reduced in the *Klp64D* mutants ([Figure 5](#F5){ref-type="fig"}, C and D). This observation established a KLP64D requirement in the second stage of cilia growth, which involves OS branching in basiconic cilia and volume increment in trichoid cilia. In addition, 6--7% of the ORNs in *Klp64D^k1^* antenna failed to grow cilia from the beginning, indicating that the gene function is also necessary for initiating the cilia growth. Interestingly, a similar two-stage cilia growth defect was observed in sea urchin embryos where injection of a SpKRP85 (Kif3A and KLP64D homologue) specific monoclonal antibody inhibited cilia growth after the initiation of an immotile short cilium containing 9+0 axoneme (Morris and Scholey, [@B41]). Furthermore, we found that the ciliary extensions did not grow from a majority of ORNs in the *DmKap* mutants (Supplemental Figure 2), suggesting that, in addition to KLP64D, DmKAP is also needed for inducing the cilia growth.

![Cilia development defects in the *Klp64D* homozygous mutant antenna. (A and B) Stages of olfactory cilia growth inside *s. basiconica* (A) and *s. trichodea* (B) in the developing wild-type control (a--e) and *Klp64D^k1^* (f--j) homozygous antennae. Arrows indicate the cilia base in the IS, paired dotted lines indicate the CC, and the arrowheads indicate the OS in each panel. Scale bar = 10 μm for all panels. (C and D) Histograms depict the temporal changes in the cilia lengths and volumes inside *s. basiconica* (C) and *s. trichodea* (D) in wild type and *Klp64D^k1^* homozygous antennae. Error bars represent ± standard deviation, and the sample sizes (N values) are indicated on each bar. The pair-wise significance of the difference between the appropriate pair of wild-type and mutant data is tested by Student's *t* test, and highly significant differences (p \< 0.001) are depicted by \*\*\* on the bars.](769fig5){#F5}

Therefore, light microscopy and TEM characterizations of the adult cilia in wild type and *Klp64D* mutants and the developmental defects determined in *Klp64D* mutants suggest that a thin procilium, containing 9+0 axoneme in the CC and a slender OS, would initially grow from the IS tip. The initiation of cilia growth would require DmKAP and KLP64D. Further KLP64D-dependent transport then augments this growth, which manifests as branching or volume increments of OS in certain cases. The difference in the severity and penetrance of the early growth defects observed in the *Klp64D* and *DmKap* mutants is consistent in both the EAG and cellular characterization data. This is possibly caused by the difference in the allelic natures of the two mutants. Alternatively, one can interpret the same results by suggesting that KLP64D plays a minor role at the beginning while a hitherto unknown DmKAP-containing motor would initiate the cilia growth.

KLP64D localizes to the cilia throughout development, and its overexpression initiates cilia extension in the absence of *DmKap*
--------------------------------------------------------------------------------------------------------------------------------

To test whether KLP64D function would be necessary for the initiation of the procilium growth, we first studied the KLP64D:GFP localization into the olfactory cilia during development. Ectopic expression of *UAS-KLP64D:GFP* in the ORNs in *Gal4^cha19b^* background labeled the growing basiconic and trichoid cilia from 36-h APF ([Figure 6](#F6){ref-type="fig"}, A and E). The localization in the cilia grew along with the length increment in successive stages ([Figure 6](#F6){ref-type="fig"}, B--D and F--H). The fusion protein was also enriched at the cilia base at 36 h APF ([Figure 6](#F6){ref-type="fig"}, A and E), and the intensity of the localization progressively increased from 36 to 100 h APF, indicating that the kinesin-II is actively transported into the OS during these stages. The entry of kinesin-II is further confirmed by measuring the lengths and volume of the cilia highlighted by KLP64D:GFP, which produced an almost identical pattern to that observed with the GFP localizations earlier ([Figure 6](#F6){ref-type="fig"}, I and J). This result indicated that KLP64D could enter the cilia from the initial stage of development. Once again, this observation is different from that made in the ASH/ASI cilia of *C. elegans*, where the heterotrimeric kinesin-II failed to localize in the distal portions (Snow *et al.*, [@B61]).

![Recombinant KLP64D:GFP localizes in the growing ciliary OSs during development. (A--H) The *UAS-KLP64D:GFP* expression due to *Gal4^cha19B^* highlighted the developing cilia on ORNs innervating the *s. basiconica* (A--D) and *s. trichodea* (E--H) at different stages of development as indicated on the top panel. Arrowheads mark the OS, and arrows indicate the IS in each figure. The broken line in each figure marks cuticle boundary as observed by simultaneous differential interference contrast (DIC) imaging of the specimen. Figures A--D are presented in the same scale as indicated on D, and the scale for E--H is indicated on H. The images are presented in an 8-bit color map as depicted below panel H to highlight the KLP64D:GFP localization in the developing cilia at early stages. (I--J) Line plots indicate the growth of cilia volume and length highlighted by KLP64D:GFP and GFP localizations in the cilia. Different colors are used to mark the length and volume profiles and distinguish between the values measured by KLP64D:GFP and GFP, respectively. Error bars represent ± standard deviation, and N ≥ 10 for all data points. The GFP data are presented as a reference. Note that the growth profiles measured by the KLP64D:GFP localization matched that of GFP indicating that KLP64D:GFP localizes into the cilia from the beginning.](769fig6){#F6}

To understand whether the continuous localization of KLP64D in the cilia indicates a role of the protein at the initiation of cilia assembly, we overexpressed the *UAS-KLP64D:GFP* transgene in two different *DmKap* hemizygous backgrounds where cilia growths are blocked in more than 80% ORNs. Surprisingly, this overexpression restored the initial phase of the cilia growth on the ORNs, innervating both *s. basiconica* and *s. trichodea* ([Figure 7](#F7){ref-type="fig"}, A and B) in the mutants ([Table 2](#T2){ref-type="table"}). The cilia lengths recovered to the near wild-type levels ([Figure 7E](#F7){ref-type="fig"}), and the volumes were restored to ∼25% of the wild-type levels ([Figure 7F](#F7){ref-type="fig"}). In addition, the EAG responses were restored to a similar extent in both the *DmKap* mutants ([Figure 7G](#F7){ref-type="fig"}). This observation supported the argument that KLP64D indeed plays a vital role during procilium growth. In comparison, the expression of UAS-KLP68D:YFP in the *DmKap* mutants did not rescue the defects to the equivalent extent ([Figure 7G](#F7){ref-type="fig"}, [Table 2](#T2){ref-type="table"}), indicating that either KLP68D is redundant in this process or relative levels of KLP64D and DmKAP are critical for kinesin-II functions in vivo.

![KLP64D overexpression in ORNs rescues the cilia growth defects in *DmKap* homozygous mutant background. (A and B) *UAS-KLP64D:GFP* is expressed in the ORNs innervating *s. basiconica* (A) and *s. trichodea* (B), respectively, by *Gal4^cha19b^* in the *DmKap^v6^/+* as wild-type control (a and b) and *DmKap^v6^* hemizygous (c and d) backgrounds for monitoring KLP64D:GFP localization and the cilia growth from ORNs. The localization was monitored at 72 h (a and c) and 100 h (b and d). (C and D) A similar experiment, done by expressing *UAS-KLP68D:YFP* in the ORNs innervating *s. basiconica* (C) and *s. trichodea* (D), respectively, in the wild-type control (a and b) and *DmKap^v6^* hemizygous (c and d) backgrounds. The localization was only monitored at 100 h APF. Arrows in the figure indicate the cilia base, and arrowheads indicate the OS. The open arrows and arrowheads are used to indicate either thin or barely visible OS inside the shafts. All figures are shown in the same scale as shown by bars in subfigure (a) in all the figure sets. The rescue, due to the expression of *UAS-KLP68D:YFP*, was insignificant across all odors. (E and F) Histograms depict the cilia length (E) and volume (F) measured in wild-type controls and the *DmKap* hemizygous mutant backgrounds expressing *UAS-KLP64D:GFP*. The error bars indicate ± standard deviation, and the N values are indicated on each bar. The colors indicate different genotypes as indicated at the bottom. (G) Histograms show EAG responses of wild-type controls and *DmKap* hemizygous mutants, expressing either *UAS-KLP64D:GFP* or *UAS-KLP68D:YFP* in the ORNs, elicited by four different odors as indicated on the figure. The error bars indicate ± standard deviation, and the N values are indicated on the top of each set of bars. The responses to different odors are clustered together according to the genotype, as indicated below the horizontal margin. Note that *UAS-KLP64D:GFP* expression partly rescued the total loss of EAG observed in the *DmKap* mutants earlier.](769fig7){#F7}

###### 

Relative abundance of basiconic and trichoid cilia growth due to ectopic expression of *UAS-KLP64D:GFP* and *UAS-KLP68D:YFP* in ORNs in wild-type and *DmKap* mutant backgrounds.

                       *UAS-KLP64D:GFP Gal4*^cha19b^/+   *UAS-KLP68D:YFP Gal4*^cha19b^/+                               
  -------------------- --------------------------------- --------------------------------- ------------ -------------- -------------
  \% Basiconic cilia   100 (66/66)                       76.5 (62/81)                      65 (37/57)   96.3 (52/54)   19.5 (8/41)
  \% Tricoidic cilia   100 (47/47)                       73.4 (17/23)                      72 (18/25)   100 (45/45)    32 (8/25)

KLP64D orthologues MmKif3A and Ceklp11 move processively in a heterodimer form in association with MmKif3B and Ceklp20, respectively (Muthukrishnan *et al.*, [@B45]; Brunnbauer *et al.*, [@B7]). In addition, a recent experiment in the laboratory showed that KLP64D stalk is unstable but folds into a stable heterodimer with KLP68D stalk in vitro in the absence of DmKAP (Doodhi *et al.*, [@B21]). Therefore, to localize into the cilia, KLP64D:GFP should associate with KLP68D or a similar motor subunit. The partial rescue due to the ectopic overexpression of KLP64D:GFP in the absence of DmKAP indicates that a motor subunit heterodimer containing KLP64D could partially substitute the heterotrimeric kinesin-II functions. It also indicates that DmKAP is needed to support the increased demand of kinesin-II activity during the second stage of the cilia growth and that the amount of KLP64D:GFP expression due to *Gal4^chat19b^* is insufficient to supplement the loss of DmKAP entirely during this stage. The N-terminal fragment of DmKAP binds to the KLP64D/68D stalk heterodimer (Doodhi *et al.*, [@B21]). This binding is proposed to stabilize the KLP64D/68D heterotrimer. KLP64D stalk is unstable; it folds into a stable heterodimer in the presence of KLP68D in vitro (Doodhi, [@B20]). This result is similar to those obtained with Xklp3A and 3B (De Marco *et al.*, [@B17]). Therefore, KLP64D level in the cell is likely to control the rate of KLP64D/68D assembly in the absence of DmKAP. The lack of a significant partial rescue of the *DmKap* phenotypes due to the ectopic overexpression of KLP68D:YFP further supports this theory. Alternatively, KLP64D could associate with a different kinesin-II motor subunit with a functional overlap with KLP68D during the cilia assembly process. *Drosophila* genome analysis identified DmKif3C (CG17461; NP_661939.4) as a KLP64D and KLP68D homologue, but its function is unknown. Further experimental analysis will be needed to understand the exact molecular basis of this phenomenon and assign a clear role to the kinesin-II subunits in the process. Nevertheless, these results confirmed that heterotrimeric kinesin-II, consisting of KLP64D and DmKAP, plays a primary role in the cilia assembly process from the beginning.

Mutations in kinesin-II subunit genes affect tubulin localization into the cilia at multiple stages of development
------------------------------------------------------------------------------------------------------------------

Flagella and cilia contain distinct tubulin isoforms (Nielsen *et al.*, [@B46]). Mutations in certain α- (*tba-6 and tba-9*) and β-tubulin (*tbb-4*) genes disrupted cilia functions in *C. elegans* (Hurd *et al.*, [@B28]). In addition, the cilia MT subunits are multiply modified, viz., by acetylation, detyrosination, glutamylation, and so forth, which increase the MT stability (Lefebvre *et al.*, [@B36]; Libusova and Draber, [@B37]; McEwen *et al.*, [@B39]). We also noted that the expression of UAS-actin:GFP in the ORNs does not mark the cilia at any stage during development (Supplemental Figure 4). Therefore the tubulin entry into the cilia is expected to promote its growth. We found that the acetylated α-tubulin is enriched in the IS and the ciliary OS regions in wild-type antennae ([Figure 8, A--C and G--I](#F8){ref-type="fig"}). The staining appeared after 48-h APF (unpublished data), and its intensity as well as the stained area inside the shaft increased from 72 h APF onward ([Figure 8](#F8){ref-type="fig"}, A--C and G--I). Thus acetylated α-tubulin staining provided a good marker for assessing MT stability in the cilia. As expected, the staining is visibly reduced and shortened in the homozygous *Klp64D^k1^* ([Figure 8](#F8){ref-type="fig"}, D and J) at 72 h APF, and failed to increase afterward ([Figure 8](#F8){ref-type="fig"}, E, F, K, and L). A similar result was obtained in the homozygous *Klp68D^KG03849^* antennae, but it was totally absent in the *DmKap* homozygous mutants (Supplemental Figure 5). Therefore the reduction or the total loss in acetylated α-tubulin staining as observed in the kinesin-II mutants could be caused by either reduced tubulin transport into the cilia or a block in MT acetylation.

![Mutations in *Klp64D* reduce tubulin acetylation in the ciliary OSs. Anti--acetylated α-tubulin staining highlighted the IS (arrows) and the entire olfactory cilia (arrowheads) in the wild type (A--C and G--I) and homozygous *Klp64D^k1^* (D--F and J--L) adults. Panels A--F show staining in *s. basiconica,* and G--L show staining in *s. trichodea*. Arrowhead indicates the OS, paired dotted lines mark the CC region, and arrow indicate the IS in each panel. The pictures were taken from antennal sections at 72 h (A, D, G, and J) and 100 h (B, E, H, and K) and from 1-d-old adults (C, F, I, and L). A--F and G--H are shown in the same scale as indicated by the bars (10 μm each) in F and L, respectively.](769fig8){#F8}

To test the above conjectures, we expressed the *UAS-tubulin84B:GFP* in the ORNs, which was reported to mark other sensory cilia in *Drosophila* earlier (Avidor-Reiss *et al.*, [@B4]). In the *UAS-tubulin84B:GFP Gal4^cha19b^/+* antennae, some of the olfactory cilia were weakly labeled from 48 h APF ([Figure 9](#F9){ref-type="fig"}, A and J), which then extended to the entire length of the cilia by 72 h APF ([Figure 9](#F9){ref-type="fig"}, B and C), and both the volume as well as intensity of the fluorescence grew substantially until 100 h APF ([Figure 9](#F9){ref-type="fig"}, K and L). This finding showed that the tubulin84B:GFP is selectively enriched in the ciliary OS as it develops. The localization, however, was visibly reduced in the *Klp64D^k1^* ([Figure 9](#F9){ref-type="fig"}, D--F and M--O) and disappeared in the *DmKap^v6^* ([Figure 9](#F9){ref-type="fig"}, G--I and P--R) homozygous backgrounds. The intensity of the tubulin84B:GFP fluorescence was visibly higher in the IS (Figure 9G) and the cell bodies (dashed line, Figure 9H) of the ORNs in the *DmKap^v6^* antennae as compared with the wild-type, indicating that the absence of DmKAP blocks the ciliary entry of tubulin. In addition, the reduced level of tubulin in the ciliary OS in *Klp64D* mutants further suggests that kinesin-II is also required for tubulin entry during the second stage of OS growth. Although an exact correlation between the kinesin-II function and tubulin entry into the cilia is unclear, our data suggest that heterotrimeric kinesin-II is essential for tubulin entry into the cilia during development

![The tubulin84B::GFP localization in the developing olfactory cilia. The *UAS-tubulin84B::GFP* expression in the ORNs due to *Gal4^cha19b^* in the wild-type (A--C and J--L), homozygous *Klp64D^k1^* (D--F and M--O), and *DmKap^v6^* (G--I and P--R) backgrounds highlighted the developing cilia on the ORNs innervating *s. basiconica* (A--F) and *s. trichodea* (G--L) from 48 h APF onward, whereas *UAS-eGFP* expression due to the same driver marked the cilia from 36 h APF (Supplementary Figure 1A). Arrowheads indicate the OS, paired dotted lines mark the CC region, and arrows indicate the cilia base in each panel. A--I and J--R are shown in the same relative scales as indicated by the bars in I and R, respectively, both of which indicate 10 μm.](769fig9){#F9}

DISCUSSION
==========

We started the investigation with an aim to determine the roles of kinesin-II motors in generating the ciliary diversity in *Drosophila*. Results described earlier in text show that distinct patterns of growth underlie the diversity in the olfactory cilia. In addition, the heterotrimeric kinesin-II motor functions are required for propelling the cilia growth from the beginning. Our observations are in agreement with the results obtained from studies in the flagella (Kozminski *et al.*, [@B32]; Mueller *et al.*, [@B42]) and primary cilia as reviewed before (Silverman and Leroux, [@B59]). An earlier study also reported loss of olfactory cilia in the *nompB* mutants, which code for the IFT88 protein in *Drosophila* (Han *et al.*, [@B26]). Therefore, like the AWB cilia in *C. elegans* (Evans *et al.*, [@B22]; Mukhopadhyay *et al.*, [@B43]), the olfactory cilia in *Drosophila* also seem to grow in an IFT-dependent manner. Previous studies also indicated that the sensory cilia containing 9+0 axoneme are maintained by kinesin-II (Sarpal *et al.*, [@B55]) and IFT88 (Han *et al.*, [@B26]) and that KLP64D, along with some OSEG family of proteins, is involved in maintaining the mechanosensory cilia (Avidor-Reiss *et al.*, [@B4]). Together with the results presented here, these findings unified the role of kinesin-II as an essential motor for all bipartite sensory cilia assembly in *Drosophila*.

Our study also helped to establish that the heterotrimeric kinesin-II functions are essential for the olfactory cilia assembly from the beginning. The sensory cilia phenotypes of kinesin-II subunit mutants were mainly studied at the adult stages in *C. elegans* (Evans *et al.*, [@B22]; Mukhopadhyay *et al.*, [@B44]) and in the developed forms of zebra fish (Insinna *et al.*, [@B29]) and mice photoreceptor cells (Avasthi *et al.*, [@B3]). In these paradigms, it is difficult to distinguish their effects in the assembly and maintenance. The slow growth of the olfactory cilia allows studying the two processes separately. The data presented here established a detailed description of the growth of two morphologically different olfactory cilia during development. They showed that the process is extremely slow and occurs over several days. Moreover, the growth of basiconic cilium, which contains a branched OS, occurs in two stages with a short pause in between, whereas the trichoid cilium bearing a slender OS seems to grow in one single phase. In the absence of any other molecular characterization of the cilia growth process, it will be difficult to explain the basis of the differential growth profiles associated with the basiconic and trichoid cilia. We noted, however, that the pattern of growth is correlated to the structural diversity of the two cilia.

Ciliary growth requires combined transport of membrane and cytoskeleton components (Silverman and Leroux, [@B59]), and a complete picture of the process is still unclear. Earlier studies indicated that the presence of the "ciliary necklace" could stop the flow from the plasma membrane (Gilula and Satir, [@B23]), and recent studies indicated that the ran-GTPase and Importin-β regulate the KIF17 entry to the organelle (Dishinger *et al.*, [@B18]). In addition, the IFT particles are shown to dock on the transition filament at the cilia base. This evidence indicates that both the membranous and the soluble components of cilia must be supplied in synchrony through an actively gated transport. The primary cilia assembly occurs in four stages, and IFT is implicated in the last elongation step (step 4) of this process (reviewed in Pedersen *et al.*, [@B51]). Our results only confirm a kinesin-II requirement for the equivalent step 4 in case of sensory cilia. The data presented here would suggest that at an initial stage kinesin-II may facilitate tubulin or MT entry into the cilia to stabilize the initial growth. This suggestion is supported by the observation that null mutations in *DmKap* block tubulin entry from the beginning in a majority of the ORNs. In addition, kinesin-II is also required for tubulin entry during the second phase of OS growth as hypomorphic mutations in *Klp64D* also block tubulin entry as well as cilia growth after the procilia formation. There is a possibility that tubulin monomers may diffuse into the cilia and polymerize into MT in a kinesin-II--dependent manner. This possibility is highly unlikely because we monitored the tubulin localization by using tubulin84B:GFP, and somewhat indirectly, the MT assembly by acetylated α-tubulin staining in the mutant backgrounds. Both sets of data are consistent and indicate that kinesin-II functions are essential for tubulin entry. It is unclear whether this initiation process would require IFT.

We also found that the cilia growth is completed before the OR gene expressions in ORNs. In *Drosophila*, the olfactory cilia are present even though odor reception is entirely abolished in the *OR83b* mutants (Benton *et al.*, [@B6]). Previous results in *C. elegans* also indicated that, although the sensory inputs are required to maintain specialized architecture of AWB cilia, they are not essential for the cilia assembly (Mukhopadhyay *et al.*, [@B44]). Several transcription factors, however, appeared essential for maintaining the ciliary diversity (Mukhopadhyay *et al.*, [@B43]; Silverman and Leroux, [@B59]). Therefore, one can suggest that the cilia structure diversity is defined independent of sensory inputs and that the motor-based transport profiles are regulated by its intracellular environment. There is a possibility that the diversity in the cilia structure could be generated by differential transports of ciliary components, specifically tubulin subunits or MTs, by the heterotrimeric kinesin-II whereas the functional diversity could be achieved by transports due to accessory motors such as KIF17/Osm-3 in the olfactory cilia. Results discussed here helped to define a paradigm to further test these possibilities in *Drosophila*.

MATERIALS AND METHODS
=====================

Fly stocks
----------

Fly stocks used in this study are described in Supplemental Table 1 and listed in the "FlyBase" ([www.flybase.org](http://www.flybase.org)). *Klp64D*, *Klp68D,* and *DmKap* code for the heterotrimeric kinesin-II subunits in *Drosophila*. *Klp64D^k1^* bears a nonsense (UAA) mutation at the 13^th^ residue in the predicted KLP64D ORF (Ray *et al.*, [@B53]). The homozygous *Klp64D^k1^* flies were severely uncoordinated and mostly failed to emerge from the pupae. Contrary to the current belief, an ongoing genetic analysis in the laboratory suggests that *Klp64D^k1^* is strongly hypomorphic and survives to the adult stage (K. Ray, unpublished data). *Klp64D^l4^* carries G102D mutation in the motor domain (Sarpal *et al.*, [@B55]), and it is the strongest lethal allele in our collection. *Klp64D^l4^* homozygous animals die in the third instar larva or early pupa stages. We have used different combinations of *Klp64D* alleles to determine the role of KLP64D in olfactory cilia development. *Klp68D^KG03849^* and *Klp68D^EY00199^*, generated by the Gene Disruption Project consortia (Bellen *et al.*, [@B5]), were obtained from the FlyBase ([www.flybase.org](www.flybase.org)). Both of these alleles were reported to contain a P-element insertion at the 5′ untranslated region of KLP68D. The homozygous adults are viable and fertile. The *DmKap^v5^* and *DmKap^v6^* are the strongest alleles of the gene with no detectable protein expression in the tissue (S. C. Jana and K. Ray, unpublished data). Few homozygous *DmKap^v5^* and *DmKap^v6^* animals develop to pharate adults, and even fewer emerge from the pupae. The emerged flies are severely uncoordinated. The *UAS-Klp64D* (Ray *et al.*, [@B53]) and *UAS-DmKap* (Sarpal *et al.*, [@B55]) constructs were previously reported. The *UAS-Klp64D:GFP* and *UAS-Klp68D:YFP* transgenes were constructed by separately subcloning the Klp64D and Klp68D complementary DNA fragments into the NotI/KpnI sites of pP{UAS-T} vector with the *GFP* and *YFP*, respectively, inserted at the 3′ ends between the *Kpn*I and *Xba*I sites. The fusion constructs were transformed by using standard techniques to obtain stable stocks.

EAG recording
-------------

EAGs were recorded using saline-filled capillary glass electrodes from 1- to 2-d-old adult flies as described earlier (Alcorta, [@B1]). The recording electrode was placed on the *s. basiconica*--rich region of the third antennal segment, and the ground electrode was inserted into the head capsule. For each trial, air puffs saturated with odorants \[diluted in paraffin oil, 1/10,000 (vol/vol)\] were delivered to the mounted fly heads for 0.5 s using an electromechanical device, and responses obtained from three consecutive trials were averaged for one data point. The instrumentation and data acquisition software were developed in-house using standard amplifiers and LabView (National Instruments, Austin, TX) programming interface. Several different recessive lethal alleles of *Klp64D* (*viz.*, *k1*, *k5,* and *l4*) and *DmKap* (*viz.*, *v6* and *v5*) and two different P-element insertion alleles of *Klp68D* (viz., *KG03849* and *EY00199*) were used for this screen by exposing them to four different odor pulses (*viz.*, ethyl acetate, n-butanol, benzaldehyde, and propionic acid). The first three odors are sensed by *s. basiconica* (Goldman *et al.*, [@B25]), whereas both the n-butanol as well as propionic acid are sensed by *s. coeloconica* (Yao *et al.*, [@B66]).

Electron microscopy
-------------------

Dissected fly heads carrying intact antennae were fixed and processed as described (Sarpal *et al.,* [@B55]). Serial 50-nm sections of the tissue blocks were obtained in a Leica Ultracut UC6 (Leica Microsystems, Wetzlar, Germany) using a diamond knife (Diatome 45), collected on a formvar-coated copper slot and examined in a Zeiss Libra 120 EFTEM (Carl ZEISS-SMT, Oberkochen, Germany). The images were collected by using a bottom-mounted 2k×2k-TRS slow-scan CCD camera and further processed in Photoshop (Adobe Systems, San Jose, CA) for presentation.

Immunostaining, fluorescence image acquisition, and processing
--------------------------------------------------------------

For the cilia development study, third antennal segments of 30- to 100-h-APF pupae expressing *UAS-eGFP* were dissected in phosphate-buffered saline (PBS), 137 mM NaCl, 2.7 mM KCl, 10 mM Na~2~HPO~4~, 1.76 mM KH~2~PO~4~ and pH 7.4; fixed in 4% formaldehyde solution (4% paraformaldehyde in PBS, pH 7.4) for 30 min at room temperature; and, after a quick rinse in PBS, mounted in Vectashield (Vector Laboratories, Burlingame, CA) on a glass slide under a 0.17-mm glass coverslip. The preparations were then imaged using a confocal microscope (Olympus FV1000SPD; Olympus Imaging Corp., Tokyo, Japan) as described later in the text. To monitor the intracellular distribution of fluorescently tagged kinesin-II subunits and tubulin84B:GFP in the tissue, the third antennal segments from 30- to 100-h-APF pupae, expressing *UAS-Klp64D:GFP*, *UAS-tubulin84B:GFP*, and so forth, were dissected in PBS and further processed as detailed earlier in the text. To study the localization of acetylated α-tubulin, *Drosophila* heads were dissected, sectioned in a cryomicrotome (Leica), and fixed following a standardized protocol (Dobritsa *et al.*, [@B19]). Ribbons of ∼10 μm tissue sections obtained from the cryomicrotome were laid on a poly-[d]{.smallcaps}-lysine--coated slide and fixed in 4% formaldehyde solution for 30 min at room temperature. Then they were stained with a 1:500 dilution of monoclonal antibody--acetylated α-tubulin (Sigma, St. Louis, MO) in blocking solution and Alexafluor647-conjugated goat anti--mouse (Molecular Probes, Eugene, OR) secondary antibody, according to a published method (Dobritsa *et al.*, [@B19]). Finally, they were mounted in Vectashield (Vector Laboratories) for microscopic examination as described earlier in the text. All fluorescence microscopy images were collected under comparable conditions using the Olympus FV1000SPD confocal microscope equipped with a 63× 1.4 NA objective lens (Olympus Imaging Corp., Tokyo, Japan). Cilia length and volumes were measured after a three-dimensional rendering of the selected image stacks by using the Imaris 6.1.5 graphics package (Bitplane Scientific Solutions, Zurich, Switzerland). Subsequently, all images were processed using ImageJ (rsweb.nih.gov/IJ) and Photoshop (Adobe) following identical steps. All figures containing images and line art were composed in Illustrator (Adobe) and converted to TIFF format before uploading.
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APF

:   after pupa formation

BBS

:   Bardet-Biedle syndrome

CC

:   connecting cilium/a

DmKAP

:   *Drosophila melanogaster* kinesin--associated protein (KAP3A orthologue)

EAG

:   electroantennogram

eGFP

:   enhanced green fluorescent protein

IFT

:   intraflagellar transport

IS

:   inner segment

KIF17

:   kinesin-family protein 17 (Osm-3 orthologue)

KLP64D

:   kinesin-like protein 64D (Kif3A orthologue)

KLP68D

:   kinesin-like protein 68D (homologues to both Kif3B and 3C)

MT

:   microtubule

OR

:   olfactory receptor

ORN

:   olfactory receptor neuron

OS

:   outer segmentl

Osm-3

:   osmotic avoidance abnormal-3 (homodimeric kinesin-2 family motor)

TEM

:   transmission electron micrographs

UAS

:   upstream activation sequence

YFP

:   yellow fluorescent protein
